The antioxidant activity of butane-type lignans was evaluated. Secoisolariciresinol (SECO) and dihydroguaiaretic acid (DGA) showed higher radical scavenging activity than that of 7,7 0 -dioxodihydroguaiaretic acid (ODGA). SECO and DGA inhibited the oxidation of unsaturated fatty acid. Both enantiomers of DGA were also lipoxygenase inhibitors, but neither enantiomer of SECO inhibited the lipoxygenase activity.
The antioxidant activity of butane-type lignans was evaluated. Secoisolariciresinol (SECO) and dihydroguaiaretic acid (DGA) showed higher radical scavenging activity than that of 7, 7 0 -dioxodihydroguaiaretic acid (ODGA). SECO and DGA inhibited the oxidation of unsaturated fatty acid. Both enantiomers of DGA were also lipoxygenase inhibitors, but neither enantiomer of SECO inhibited the lipoxygenase activity.
Key words: lignan; antioxidant activity; dihydroguaiaretic acid Lignans 1, 2) are one of a large group of natural compounds contained in food plants. Our efforts are continuing to clarify the effects of lignans. In this article, the antioxidant activity of butane-type lignans is described. In our previous study, the higher degree of benzylic oxidation of tetrahydrofuran and butyrolactone lignan decreased the antioxidant activity. [3] [4] [5] The purpose of this research on butane-type lignans is to determine the effect of benzylic oxidation on the antioxidant activity. As well as the chemical antioxidant activity, the lipoxygenase inhibition activities of both enantiomers of SECO, DGA and ODGA were evaluated in this study (Fig. 1) . Since the biosyntheses of lignans as an enantiomeric mixture have been reported, 6) optically pure synthesized lignans were used in this research. The lipoprotein-antioxidant activity of isolated 2 0 -hydroxy dihydroguaiaretic acid 7) and lipoxygenase inhibition of nordihydroguaiaretic acid (NDGA) have been reported. 8) However, the effect of stereochemistry has not been described. The oxidation enzyme-antioxidant activity of the enantiomers is compared in this report for the first time.
Experimental
Melting point (mp) data are uncorrected. NMR data were measured by a JNM-EX400 spectrometer, using TMS as a standard (0 ppm), MS data were measured with a JMS-MS700V spectrometer, and optical rotation values were evaluated with a Horiba SEPA-200 instrument. The silica gel used was Wakogel C-300 (Wako, 200-300 mesh). HPLC analyses were performed with Shimadzu LC-6AD and SPD-6AD instruments. The numbering of compounds follows the IUPAC nomenclatural rules for lignans.
9)
(8R,8 0 R)-4,4 0 -Dibenzyloxy-3,3 0 -dimethoxylignano-9,9 0 -lactone (2) . To a solution of lithium diisopropylamide (0.047 mol) in THF (20 ml) was added a solution of lactone 1
3) (14.7 g, 0.047 mol) in THF (20 ml) and 4-benzyloxy-3-methoxybenzyl bromide (16.0 g, 0.052 mol) in THF (20 ml) at À70 C. After the reaction solution was stirred at À70 C for 30 min, sat. aq. NH 4 Cl solution was added. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/ hexane = 1/4 and 2/3) gave 2 (16.3 g, 0.030 mol, 64%) as a colorless oil, ½ and Et 3 N (0.18 ml, 1.29 mmol) in CH 2 Cl 2 (5 ml) was added MsCl (0.13 ml, 1.68 mmol). The reaction mixture was stirred at room temperature for 3 h before additions of H 2 O and CH 2 Cl 2 . The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). After concentration, the residue was dissolved in HMPA (1 ml). To this solution was added NaBH 4 (0.26 g, 6.87 mmol) at 0 C, and then the resulting reaction mixture was stirred at 60 C for 1 h. The reaction mixture was acidified with 1 M aq. HCl and neutralized with sat. aq. NaHCO 3 solution, and then extracted with EtOAc. The organic solution was separated, washed with H 2 O and brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 1/9) gave 4 (0. 
0 -bis(triisopropylsilyloxy)lignane (6) . To an ice-cooled solution of diol 5
3) (2.16 g, 2.43 mmol) and Et 3 N (1.02 ml, 7.32 mmol) in CH 2 Cl 2 (5 ml) was added MsCl (0.75 ml, 9.69 mmol) at 0 C. The reaction mixture was stirred at room temperature for 1.5 h before additions of H 2 O and CH 2 Cl 2 . The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). After concentration, the residue was dissolved in HMPA (1 ml). To this solution was added NaBH 4 (1.25 g, 33.0 mmol) at 0 C, and then the resulting reaction mixture was stirred at 60
C for 8 h. The reaction mixture was acidified with 1 M aq. HCl solution and neutralized with sat. aq. NaHCO 3 solution, and then extracted with EtOAc. The organic solution was separated, washed with H 2 O and brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (5% EtOAc/hexane) gave 6 (1.02 g, 1.19 mmol, 49%) as a colorless oil, ½ 
To a solution of (COCl) 2 (60 ml, 0.71 mmol) in CH 2 Cl 2 (2 ml) was added a solution of DMSO (70 ml, 0.99 mmol) in CH 2 Cl 2 (1 ml) at À70 C, and then a solution of diol 7 (95 mg, 0.18 mmol) in CH 2 Cl 2 (2 ml) was added. The reaction solution was stirred at À70 C for 2 h before addition of Et 3 N (0.36 ml, 2.58 mmol), and then the resulting reaction mixture was stirred at 0 C for 30 min before additions of sat. aq. NH 4 Cl solution and CH 2 Cl 2 . The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). Concentration followed by silica gel column chromatography (EtOAc/hexane = 1/3) gave diketone 8 (89 mg, 0.17 mmol, 94%) as a colorless oil, ½ 
tetraol ((À)-SECO and (+)-SECO). (À)-and (+)-Diol 3
were treated with 5% Pd/C by the same method as that described for (+)-ODGA to give (À)-SECO and (+)-SECO in 81% and 80% yields, respectively. The NMR data agree with those in the literature.
5) The enantiomeric excess were determined as 99% ee by the previously described method.
12)
Antioxidant activity of the compounds in a Tween 20 micelle system. The method of Masuda et al. 13) was slightly modified. To 160 ml of the methanol solution of a test sample (5.0 mM) were added freshly purified ethyl linoleate (139 ml) and 0.3 M Tween 20-0.05 M phosphate buffer (pH 7.4, 8 ml). The mixture was stirred vigorously with a vortex mixer for 2 min and then treated in a bath sonicator (Branson 2210) for 3 min to give a clear micelle solution. Two ml of this micelle solution was put into a straight vial (35 mm diameter; 75 mm height), and 100 ml of a 0.2 M AAPH aqueous solution was added to the solution. After stirring again with the vortex mixer, the vial was incubated at 37 C in the dark while continuously shaking (82 shakes/min; Taitec P-11 water bath shaker). After 3 h of incubation, a 20-ml aliquot was taken from the solution and poured into 380 ml of a methanolic solution of Trolox (0. À4 , where Y is the concentration of ethyl linoleate hydroperoxide (mM) and X is the peak area of hydroperoxide.
Measurement of the radical scavenging activity. To an appropriate amount of a sample in a methanol solution (4.9 ml) was added 100 ml of 5 mM DPPH in a methanol solution. After the solution had stood at 25 C for 0.5 h, the absorbance at 517 nm was measured. The antiradical activity was evaluated from the decreased value of the 517 nm absorption, which was calculated by the equation, % scavenging effect = ½ðA 0 À A 1 Þ=A 0 Â 100, where A 0 is the absorption of the control (without the sample) and A 1 is the absorption of the mixture containing the sample.
Lipoxygenase inhibition assay. The method reported by Ha et al. 14) was employed with a slight modification. Briefly, 20 ml of a methanolic sample was mixed well with 50 ml of a 1 mM methanolic solution of linoleic acid (Sigma) and 2.9 ml of a 0.1 M Tris-HCl buffer (pH 8.0) in a quartz cuvette. After the cuvette was maintained at 25 C for 10 min, 5 ml of a lipoxygenase (Sigma type 1-B, 158 kU/mg) solution (0.08 mg/ml in a 0.1 M TrisHCl buffer at pH 8.0) was added. The mixture was stirred well, and the absorption at 234 nm was measured at 25 C with a spectrophotometer (Shimadzu, UVmini-1240) equipped with a thermo-controller (Shimadzu, TCC-240A)). The initial increase of the absorption (A) was measured for 5 min and the rate of increase was calculated (dA/min) by kinetics software (Shimadzu kinetics program for UV-1240 ver. 1.10). The percentage inhibition was calculated by the equation:, [dA/min of control À dA/min of sample] Â 100]/(dA/min of control).
Statistical analysis.
Each results is expressed as the mean + standard deviation (SD). Student's test was used to evaluate the statistical significance of the difference.
Results and Discussion
Syntheses of butane-type lignans To prepare (À)-DGA, lactone 1
3) was selected as the starting material (Scheme 1). After reaction of 1 with 4-benzyloxy-3-methoxybenzyl bromide by using lithium diisopropylamide, resulting lactone 2 was subjected to LiAlH 4 reduction to give diol 3. The reduction of two primary hydroxy groups of diol 3 was successful via the corresponding dimesylate. The unstable mesylate was treated with NaBH 4 in HMPA to give dimethyl compound 4. Hydrogenolysis of benzyl ether 4 by employing H 2 and Pd(OH) 2 gave (À)-DGA. (+)-DGA was obtained from the enantiomer of 1. The enantiomeric excess was determined by HPLC with a chiral column as 99% ee. (À)-and (+)-SECO were prepared by hydrogenolysis of 3 and its enantiomer as 99% ee, respectively, which was determined by the previously described method.
12)
The preparation of (+)-ODGA was started from diol 5.
3) After conversion of 5 to an unstable dimesylate, NaBH 4 reduction in HMPA was performed to give 6. LiAlH 4 reduction of the mesylate gave decomposed products. Radical reduction of bis(thionoformate) from diol 5 did not give 6. After desilylation, resulting benzyl alcohol 7 was oxidized to diketone 8 by Swern oxidation. Pyridinium chlorochromate oxidation of 7 gave many unknown products. Hydrogenolysis of 8 by employing Pd/C gave (+)-ODGA. (À)-ODGA was also synthesized from the enantiomer of 5. The enantiomeric excess was determined as more than 99% ee by an NMR analysis after conversion to the (À)-Mosher ester.
Antioxidant activity of butane-type lignans
The radical scavenging activities of (+)-ODGA, (À)-DGA, and (À)-SECO were examined. The activities of (À)-DGA and (À)-SECO were higher than that of (+)-ODGA (Fig. 2) . The activity levels of DGA and SECO were almost the same as that of sesamol. It was found that the oxygen-free benzylic position was important for the higher radical scavenging activity of butane-type lignans. This result is same as that from a previous study on tetrahydrofuran and butyrolactone lignans. [3] [4] [5] It could be assumed that the oxygen-free benzylic position of lignan is important for the reaction with DPPH. In the test for production of ethyl linoleate hydroperoxide, (À)-DGA and (À)-SECO were stronger inhibitors of the production of hydroperoxide than (+)-ODGA (Fig. 3) . It was found that the oxygen-free benzylic position of the butane-type of lignans was also important for the antioxidant activity of unsaturated fatty acid. The same results have previously been shown as for the tetrahydrofuran-type of lignans. 3, 5) These results suggest that the oxygen-free benzylic position of lignans is more important for the chemical antioxidant activity than the phenolic group. Even when the p-phenolic group was present, the higher oxidation degree at the benzylic position decreased the antioxidant activity. It could be assumed that the free benzylic position is important to keep the stable benzyl radical and scavenge the radical.
The activity as a lipoxygenase inhibitor of butanetype lignans is shown in Fig. 4 . The activity of both enantiomers of ODGA was very weak. Although SECO showed high chemical antioxidant activity (Figs. 2 and  3 ), (+)-SECO was not an inhibitor of lipoxygenase at 500 mM, and the activity of (À)-SECO was low at this concentration. On the other hand, both enantiomers of DGA showed high activity. As the concentration was increased, the activity levels of both enantiomers increased. No enantiospecificity for inhibition against enzymes was apparent. Since the known lipoxygenaseinhibitor, NDGA, 8) is of meso form, the lipoxygenase activity does not depend on the stereochemistry. The activity of DGA was weaker than that of NDGA. It was clear that the activity disappeared with benzylic oxidation and 9,9 0 -hydroxylation groups. Although the oxygen-free benzylic position was important for high chemical antioxidant activity, the level of enzymatic antioxidant activity depended on both the benzylic oxidation degree and 9 and 9 0 -hydroxylation. The Sample, 20 mM (MeOH); DPPH, 0.1 mM (MeOH); reaction, 30 min at r.t., n ¼ 3. Each value of p < 0:01 Ã or p < 0:005 ÃÃ is considered to be statistically significant. enzymatic antioxidant activity of ODGA was weaker than the activity for inhibition of hydroperoxide production. It could be assumed that the interaction between ODGA and lipoxygenase was weak.
The higher chemical antioxidant activity of DGA and SECO and the activity as a lipoxygenase inhibitor of (À)-and (+)-DGA were shown. The inactivity of ODGA against both chemical antioxidant activity and enzymatic antioxidant activity were also shown. DGArelated compounds oxidized at the benzylic position have been isolated. 2, 15, 16) Our result would contribute to the effective use of natural lignans as antioxidants. 
